Abstract With lightly anesthetized rats, activities of single cells responding to single optic nerve (ON) shocks were recorded from the superficial layers of the superior colliculus, i.e., St. zonale (SZ), St. griseum superficiale (SGS) and St. opticum (SO). According to response latencies and recording depths, four classes of cells were identified : I-, II-, III-, and IV-cells. Class I cells, recorded in the SZ or the upper half of SGS, were innervated by slowly conducting ON fibers of velocities slower than 4 m/sec. Class II cells, recorded from the middle part of the SGS, were innervated by ON fibers of intermediate velocity (4-8 m/sec). Class III cells, recorded from the lower half of SGS or the upper part of SO, were innervated by fast conducting ON fibers (faster than 8 m/sec). Class IV cells were recorded from the depth similar to the class III but they were innervated by slowly conducting fibers (4-1.7 m/sec). Class I cells revealed a long-lasting inhibition after initial excitation, being a sharp contrast with cells of classes II and III which were almost free from inhibition. Inhibition exerted upon class IV cells were of intermediate strength. Possible anatomical correlates of the four classes of cells and hypothetical modes of their ON innervation were discussed.
to in the preceding paper .
RESULTS
Single unit responses to electrical stimulation of the ON were analysed on 406 cells sampled during 107 electrode penetrations. According to the characteristic depth profiles of the field responses, we were fairly certain that these samples were obtained from the upper three layers, i.e., SZ, SGS, and SO. Although quite a large number of units were recorded below the SO, where only poor field potentials were recorded, their responses to ON shocks were inconsistent and appeared to prefer somatosensory stimuli such as touching hairs or pressing the skin (DRAGER and HUBEL, 1975; TIAO and BLAKEMORE, 1976) . From these properties and record-ing depths, they were assumed as recorded from St. griseum intermediale (SGI). These cells were not included in the following description.
Classification of cells
To single supramaximal ON shocks, about 60 % of the sampled cells responded with single spikes having relatively fixed latencies, whereas the others responded with double or triple spikes. In most of the latter, however, the number of spikes could be reduced to one by lowering the stimulus intensity. Thus single spike responses with lower thresholds were assumed as the primary responses and the others activated by stronger stimuli were as the secondary response. According to the spike morphology, all the unit discharges recorded were interpreted as coming from cell somata (BISHOP et al., 1962) . Being based upon several characteristics of the primary responses and their relation to the field potential, four main classes of cells were identified as follows. Their relative frequencies are summarized in Table 1 . Table 1 Class I cells were recorded from the N3-zone which corresponds to the SZ and the upper half of the SGS . Within this class two subgroups were identified. The first subgroup, termed Ia-cells, showed single spike discharges riding on the N3-wave (Fig. 1A and B) . Some Ia-cells showed a secondary response around the peak of the N5-wave (Fig. 1B) . The second subgroup (Ib-cells) responded with single spikes at latencies comparable to those of the N5 (Fig. 1C) . Occasionally a secondary response appeared at relatively fixed latencies (Fig. 1Ca) . To be common in the two subgroups, spikes were recorded with amplitudes of about 1 mV or less and, as the recording electrode was advanced a little deeper, they were easily ruptured without developing large positive spikes. Some class Ib cells showed occasional secondary responses riding on the N3 (Fig. 3B) .
Class II cells were recorded from the narrow N2-zone. They appeared as medium-sized spikes of about 1 mV at latencies comparable to that of the N2-wave (Fig. 1D ). Except for a few cases, these units did not develop large positive spikes even after the electrode tip had been brought into a close contact with the cell membrane. Class III cells were recorded from the upper part of the N1-zone which corresponds to the deeper part of the SGS or the upper part of the SO. There are two subgroups. The first subgroup (IIIa-cells) responded with a well fixed latency to single ON shocks and the spike invariably reached 2-4 mV in amplitude (Fig. 1E) . On several occasions, S-potentials (BISHOP et al., 1962) could be identified (see arrows in Fig. 3D ). Spike responses of the second subgroup (IIIb-cells) appeared at near the top or the down stroke of the N1, their latencies were somewhat variable and the spike amplitudes were smaller than those of the Ina-cell spikes (Fig. 1F) .
Class IV cells were recorded from the deeper part of the SGS or from the SO where the P3-and P4-waves were recorded with large amplitudes. Within this group, three subgroups were distinguished. The first subgroup, termed IVa-cells, responded at the beginning of the P3 (Figs. 1G and 3F ). About 60 % of the IVacells showed a secondary response at around the trough of the P4 as exemplified in Fig. 1G . The secondary response was characterized by high threshold for activation and low response probability to successive ON shocks. Thus the response pattern resembled the one observed with some Ia-cells that showed a secondary response at a latency comparable to that of the N5 (Fig. 1B) . Spike amplitudes of IVa-cells were usually in the range of 1-2 mV. The second subgroup, termed IVb-cells, appeared with a good temporal correlation with the N4-wave. As can be seen in the units a and b of Fig. 1H , IVb-cells responded to ON stimuli at latencies somewhere between the peaks of the P3 and N4. This makes it likely that spikes of the IVb-cells contribute to the N4-wave. In some IVb-cells a peculiar secondary response was observed in these cells the secondary response appeared preceding the primary one by variable lengths of time, though the former required stronger stimuli than the latter (Fig. 1Hb) . Spike amplitudes of IVb-cells are in a similar range to those of IVa-cells. The third subgroup, IVc-cells, tended to be recorded a little deeper than the other two subgroups and their primary response appeared at the peak of the P4 or a little later than it (Figs. 1I and 3H). Amplitudes of IVc-cell spikes were largest among others, being in the range of 2-5 mV or more. On several occasions, the same spikes could be recorded even after the microelectrode was advanced more than 150 ,um. Common to IVa-and IVc-cells, S-potentials (BISHOP et al., 1962) were never recorded even when the tip of a microelectrode was brought very close to the soma.
Unclassified cells: Only 4 out of 406 cells remained unclassified. Two examples are presented in Fig. 1J and K. Cell J was recorded from the N2-zone and In Fig.  2A Within class III cells of the N1-zone, ON-velocities for IIIa-cells are distributed in a faster range than those for Mb-cells. Within class IV cells, the average velocities for IVa-and IVb-cells are not statistically different from each other (P > 0.01, t-test) but both are significantly faster than for IVc-cells < 0.001, t-test). Therefore, as to the ON innervation of class IV cells, two groups of fibers are identified; one has velocities of 2-4 m/sec innervating IVa-and IVb-cells and the other is slower than 2 m/sec innervating IVc-cells. We notice in Fig. 4A that the velocity ranges for classes of I and IV cells overlap each other significantly. The differences in average velocity between Iaand IVa-cells and between Ia-and IVb-cells were not proved significant. Furthermore, in Ib-and IVc-cells the average velocities were almost identical.
Summing up, we can distinguish four groups of ON fibers innervating different classes of cells : the fibers with velocities faster than 8 misec for class III cells, those with velocities of 4-8 misec for class II cells, those with velocities of 2-4 m/sec for Ia-, IVa-and IVb-cells, and those with velocities slower than 2 misec for Ib-and IVc-cells (Fig. 10) .
Threshold intensities of ON stimulus for the primary response were studied Fidelity of response to successive ON shocks Analysing response latencies of SC cells to OX-and ON-stimuli, SUMITOMO et al. (1969) concluded that all the SC cells would not necessarily be innervated monosynaptically by ON fibers. As pointed out above, however, the SC cells studied by SUMITOMO et al. were presumably those sampled from the N1-zone. In the present experiment, the same problem as treated by them was approached by studying the fidelity of response to successive ON stimuli. We measured the dap. J. Physiol. The data are summarized in Fig. 5A and B. All the measures for P-cells were made on records obtained in the previous study (FuKuDA, 1973) . To facilitate comparison between collicular cells with LGN P-cells, cells having S.D. of latency less than 0.5 msec or response probability of 1.0 are shaded. Note in A that all cell classes except IVc tend to be distributed mostly within 0.5 msec. In B, classes of Mb and IVc are exceptional in that most cells reveal probabilities less than 1.0.
For comparison, S.D. of the OX-latency was calculated for 43 P-cells (BURKE and SEFTON, 1966a) of the lateral geniculate nucleus (LGN) from records obtained in a previous study (FuKuDA, 1973) . The data are depicted in Fig. 5Ca . The response variability was also obtained for 39 P-cells and its distribution is presented in Fig. 5Cb . Since the S.D.'s of OX-latencies in most P-cells are distributed in the range less than 0.5 msec (Fig. 5C ), 0.5 msec could be taken as an upper limit of the S.D. in monosynaptically activated neurons. In Fig. 5A , a dotted line is drawn so as to pass 0. Table 1 . Except for IVc-cells , they are less than 0.5 msec.
Distributions of the response probability in each class of cells are shown in Fig. 5B . Comparing these distributions with the one for LGN P-cells (Fig . 5Cb) , we notice that in all the cell types except Mb and IVc the response probabilities are distributed in the same way as in P-cells. The response variabilities of most Illb-cells are, however, within the range of monosynaptic activation . Therefore, the two analyses on response fidelity lead us to conclude that except for IVc-cells all the other cell groups are activated monosynaptically . This agrees with the finding that the components of N3, N1 , and P3 in the field response were driven monosynaptically by the activation of ON .
Intracollicular inhibitions
The post-excitatory inhibition was tested for 89 cells, either by stimulating the ON with double shocks or by making PSTHs of firings after single ON shocks . In either case, the stimulus intensity was fixed at about 1 .5 times threshold for the primary response in every unit. Typical PSTHs for Ia-, II-, Ina-, and IVacells are depicted in the left column of Fig . 6 . As can be noticed, these PSTHs differ markedly from each other. All the Ia-cells tested (N=11) were subject to a post-excitatory inhibition lasting 250 to 500 msec after single ON shocks (Fig .  6A) . In 2 II-cells, the inhibition was apparent only for 30 to 50 msec after the primary response. In all the Illa-cells tested (N=6) no inhibition was detected (Fig .  6C) . Among 21 IVa-cells tested, the strength of inhibition varied from cell to cell; its duration ranged from 50 to 200 msec (Fig . 6D) . With 6 IVb-cells and 4 IVccells tested, 5 cells did not reveal any inhibition and the remaining 5 showed some degree of inhibition with durations ranging from 20 to 150 msec .
In the right column of Fig. 6 , two examples of recovery curves are presented for each of the classes of Ia, II, Ma, and IVa. As exemplified by the two Ia-cells in Fig. 6E , all the 4 Ia-cells tested showed a significant suppression after the primary response, lasting about 500 msec or more. In contrast, in all the IIIa-cells (N= 8) and II-cells (N=9) tested, no obvious suppression was detected except that the response probability within 10 msec was low in some II-cells ( Fig . 6F and G) . Among 16 IVa-cells tested, the recovery process varied from one to the other . Of these, most cells (N=14) recovered within 100-200 msec as exemplified by the unit plotted in Fig. 6H with closed circles. Of the remaining two , one recovered around 800 msec but the other did not even 1 sec after the primary response; the latter unit is plotted in Fig. 6H with open circles . A common feature, however, was noticed for this cell group; reduction of the response probability begins 20-40 msec after the primary response (Fig. 6H ). This delay of the inhibition appears to coincide in time with the phase of early enhancement of the P3-wave in the recovery function (Fig. 6A of FUKUDA et al., 1978) . Of the two IVb-cells, one recovered responsiveness around 800 msec after the primary response and the other had no apparent post-excitatory inhibition. Summing up, the following conclusion is drawn from the above tests. 1) The Ia-cells are subject to a considerably strong inhibition after the initial excitation.
2) The class II and IIIa cells appear to be almost free from the inhibition. 3) The inhibition, if any, in the class IV cells appears relatively late after the initial excitation and remains moderate in strength.
Topographical distributions
In a preceding paper we reported that amplitudes of the three main components (N3-, Ni-, and P3-waves) of the field response differ significantly depending upon locations of the recording site. In brief, both N3-and N1-waves are large in the posterior half of the SC, whereas the P3 tends to be large in the anterior half (Fig. 8 of FUKUDA et al., 1978) . From this, we expected to find some differences in sampling frequencies of the main classes of cells between the anterior and posterior halves of the SC. Eight experiments were carried out to test this. In these experiments, antero-posterior and medio-lateral coordinates of electrode tracks were read by taking the A point of the skull as reference, and after experiments the cortical tissue overlying the SC was sucked away to know the dorsal outline of the SC. By doing so, 48 electrode tracks were divided into two groups, those made in the anterior half and those in the posterior half. Figure 7A and B presents graphically sampling frequencies of the eight classes of cells in the anterior 
DISCUSSION
In the preceding paper dealing with the field potential, a suggestion was presented that at least three neuronal elements would be functioning relatively independently within the superficial layers of the rat SC. This was confirmed and extended in the present work. Here we identified four groups of cells, class I, II, III, and IV, which differ from each other in a number of properties as well as in their distribution in depth.
Morphological correlates of the four classes of cells. In the preceding paper, the N3-zone where class I cells were recorded from was shown to comprise the SZ and the upper half of the SGS. This zone corresponds to the zone of horizontal cells (ZH) defined by a recent Golgi study of LANGER and LUND (1974) (see also CAJAL, 1954) . As main constituents of this zone, they identified three cell types ; marginal cells (ventrally oriented multipolar type, TOKUNAGA and OTANI, 1976) , horizontal cells and vertical fusiform cells (narrow field cylindrical type, TOKUNAGA and OTANI, 1976) . The marginal cells do not seem to be neurons recorded as class I cells. Since the marginal cells are restricted within a thin layer near the top of the SC, they are unlikely to be recorded so frequently as they constitute a main cell class. Moreover, the dendrites of marginal cells are reported to be not contacted with ON terminals. By contrast, the horizontal cells are shown to be distributed throughout the ZH and to receive ON terminals at their dendrites, so that one could take this species of cells as corresponding to class I cells. But, sizes of visual receptive field in class I cells are distributed in the smallest range among the four classes . This does not support the correspondence of class I cells to the horizontal cells, because horizontal cells have widely expanded dendritic fields. Finally, the vertical fusiform cells remain as the most likely candidate for class I cells. The reasons are as follows. 1) They are shown to receive terminals of the ON origin at the dendrites. 2) They are distributed widely within the ZH.
3) The size of dendritic expansions is smallest among the three cell types in the ZH. 4) Their cell somata are small as expected from various observations with the class I cells (see p. 369 in RESULTS).
The class II cells were recorded exclusively from the middle part of the SGS (N2-zone). This part corresponds to a transitional zone from the ZH to the zone of vertical cells (ZV) (Figs. 8 and 10 ). In this zone, LANGER and LUND (1974) have noted pyriform cells only (dorsally oriented cylindrical type, TOKUNAGA and OTANI, 1976) . Therefore, class II cells are identified with the pyriform cells. The classes of III and IV cells were recorded from the N1-zone which extends below the middle part of the SGS. This zone comprises the ZV and the zone of optic fibers (ZOF) (LANGER and LUND, 1974 Fig. 9 of . This view will be further strengthened by the following findings. 1) By bringing the tip of a recording electrode close to the cell soma, we occasionally recorded S-potentials from the IIIa-cells while such never happened with class IV cells (see arrows in Fig. 3D ).
2) At high frequency shocks to the ON, most IIIa-cells reduced their amplitudes while it was not the case for the IV-cells (Fig. 9B , C, and D). 3) Receptive field sizes of the IIIa-cells were distributed in a smaller range than those of the class IV cells . Since stellate cells' dendrites are localized near the cell soma, their spike discharges would not be accompanied by reversing field potentials upon the synaptic activation by ON volleys. Therefore, stellate cells were most probably recorded as IVb-or IIIb-cells in physiology.
Mode of optic nerve innervations. We have found that four groups of fibers having different diameters innervate SC cells (Fig. 10) For the interpretations of these differences, see DISCUSSION. conduction velocities faster than 8 m/sec are presumed to synapse on dendrites near the cell soma of class IIIa cells which were assumed as narrow field vertical cells. The second thickest group of ON fibers has the velocity of 8-4 m/sec and innervates class II cells which were assumed as pyriform cells. When these cells are subject to repetitive ON volleys, the spikes are reduced in size (Fig. 9A) , suggesting that they are generated under a continuous depolarization of the membrane like that reported for cerebellar Purkinje cells (ECCLES et al., 1966) . This is consistent with interpretation that these cells synapse with ON terminals near the cell body. Fig. 10 ; most ON fibers terminate in the ZH which consists of the SZ and the upper half of the SGS and a few fibers end in the ZV which is the lower half of the SGS (HAYHOW et al., 1962; LUND et al., 1976 ; LUND, 1969 ; OTANI et al., 1970) . SUMITOMO et al. (1969) reported previously that cells of the rat SC are innervated by the three groups of ON fibers having average velocities of 15.4, 9.1 and 3.7 m/sec (see also SEFTON, 1968) . As has been referred to in the RESULTS, however , their samplings were limited only to the cells with latencies less than 10 msec in the N1-zone. This will explain why they missed the ON fibers of velocities less than 2 m/sec and those of 4-8 m/sec. Similarly, the slowest group of ON fibers was not found by FUKUDA (1977) who recorded from ganglion cells of the rat retina while stimulating their axon terminals at the SC. This is probably because the currents used to activate ON terminals in the SC were not strong enough.
As to the mode of termination of various groups of the ON fibers, we notice an interesting trend in Fig. 10 that the finer the axons are, the more superficially they terminate. It appears that in the SZ and SGS there are arranged three terminal zones from the top downwards for the three groups of ON fibers whose velocities are slower than 4 m/sec, between 4 and 8 m/sec and faster than 8 m/sec, respectively. Correspondingly, in a recent study of degenerative changes of the ON terminals within the rat SC, LUND et al. (1976) reported evidence for the existence of three laminae in the SZ and SGS : the deeper half of the SGS showed the earliest degeneration, the upper half of the SGS showed the middle and late periods of degenerations and the narrow surface zone showed a particularly rich degeneration during the middle period.
Two groups of retinal afferents to the cat SC have been identified ; Y-and Wcells' axons (FUKUDA and STONE, 1974; HOFFMANN, 1973) . More recently, MCILWAIN and LUFKIN (1976) provided evidence that cells which receive Y-axons are distrib-uted in the deeper half of the SGS and the adjacent SO where in the rat class IIIa cells are localized. Thus, the characteristic mode of ON innervations common in the rat and cat SC is that the zones which are innervated by fast conducting retinal axons are sandwiched between the two zones above and below which are mainly supplied by slowly conducting ON fibers.
Inhibitory mechanism. The four classes of cells were distinguished in the strength of inhibition as well. The inhibition was strongest for class I cells, intermediate for class IV cells and very weak, if any, for classes of II and III. Previously SEFTON (1968) has studied the inhibition of the rat SC cells and claimed that most cells were free from a long-lasting inhibition such as consistently observed for LGN P cells (BuRKE and SEFTON, 1966b) . But, as referred to in the RESULTS, her unit sampling was limited to class III and IV cells so that she could not notice any significant amount of inhibition as seen for class I cells here.
The difference in inhibition among various SC cells could be summarized as a rule that cells which receive slowly conducting ON fibers are more involved in the intracollicular inhibition irrespective of their locations. A similar reverse relationship between the amount of inhibition and the conduction velocity of afferent ON fibers has been reported for P cells of the rat LGN (FuKUDA, 1973) . In the cat SC cells, MCILWAIN and FIELDS (1971) have noted strong inhibition only for spike responses with longer latencies elicited by single optic chiasm shocks.
In recent electron microscopic studies the superficial part of the SGS where slowly conducing ON fibers terminate (see Fig. 10 ) has been proved to contain dendro-dendritic synapses with flat vesicles in a number of animals (rat, LUND, 1969; cat, STERLING, 1971; and mouse, VALVERDE, 1973) . In the rat LUND (1969) has traced presynaptic dendrites to marginal and horizontal cells. On the other hand, with a biochemical technique this part of the SGS was shown to contain a high content of GABA (OKADA, 1974) . From these bases the intracollicular inhibition observed for class I and IV cells may be due to the dendro-dendritic inhibition mediated by GABA.
